
HAL Id: emse-00527308
https://hal-emse.ccsd.cnrs.fr/emse-00527308v1

Submitted on 11 Jan 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A glucose biosensor based on modified-enzyme
incorporated within electropolymerised

poly(3,4-ethylenedioxythiophene) (PEDT) films
Benoît Piro, Dang Lan Anh, Pham Minh Chau, Silvia Fabiano, Tran-Minh

Canh

To cite this version:
Benoît Piro, Dang Lan Anh, Pham Minh Chau, Silvia Fabiano, Tran-Minh Canh. A glucose biosensor
based on modified-enzyme incorporated within electropolymerised poly(3,4-ethylenedioxythiophene)
(PEDT) films. Journal of electroanalytical chemistry and interfacial electrochemistry, 2001, 512 (1-2),
pp.101-109. �10.1016/S0022-0728(01)00595-2�. �emse-00527308�

https://hal-emse.ccsd.cnrs.fr/emse-00527308v1
https://hal.archives-ouvertes.fr


Journal of Electroanalytical Chemistry, 2001, 512(1-2), 101-109, doi:10.1016/S0022-
0728(01)00595-2 
 

1 

AAA   gggllluuucccooossseee   bbbiiiooossseeennnsssooorrr   bbbaaassseeeddd   ooonnn m   mmooodddiiifffiiieeeddd---eeennnzzzyyymmmeee   iiinnncccooorrrpppooorrraaattteeeddd   
wwwiiittthhhiiinnn   eeellleeeccctttrrrooopppooolllyyymmmeeerrriiissseeeddd   pppooolllyyy(((333,,,444---eeettthhhyyyllleeennneeedddiiioooxxxyyyttthhhiiioooppphhheeennneee)))   

(((PPPEEEDDDTTT)))   fffiiilllmmmsss   

BENOÎT PIRO(1), LAN ANH DANG(1), MINH CHAU PHAM(1)*, SILVIA FABIANO(2), CANH 
TRANH MINH(2)

(1) Université Paris 7-Denis Diderot ; Institut de Topologie et de Dynamique des Systèmes, 
ITODYS-CNRS-UMR 7086 ; 1, rue Guy de la Brosse ; 75005 Paris, France 

(2) Ecole Nationale Supérieure des Mines de Saint Etienne, Centre SPIN ; Département 
PMMC ; Equipe Génie Enzymatique, 158, Cours Fauriel ; 42023 Saint-Étienne Cedex 2, 
France 

Abstract 
We have constructed and characterised a glucose sensor using glucose oxidase (GOD) 
covalently attached to carboxylic acid polyethyleneglycol (PEG), called (PEG–GOD). This 
modified enzyme was entrapped afterwards within poly(3,4-ethylenedioxythiophene) (PEDT) 
films electrogenerated on glassy carbon (GC) electrodes. The composite (PEG–GOD/PEDT) 
film is more porous than the film without enzyme (PEDT+PEG). Data from electrochemical 
quartz microbalance (ECQM) and pH-stat experiments indicate a good relative activity of the 
modified enzyme, ca. 12–15%. Amperometric measurements, using ferrocenemethanol as the 
redox mediator, confirms that the modified enzyme is catalytically active. The effect of film 
thickness was also investigated. The sensitivities were quite similar for modified-GOD 
electrodes (ca. 3 mA cm−2 M−1) and unmodified-GOD electrodes (ca. 2.7 mA cm−2 M−1) but a 
better stability was obtained with modified PEG–GOD electrodes. 
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I. Introduction 
Amperometric biosensors based on immobilisation of enzymes in an electronically conducting 
polymer (ECP) matrix are of great interest [1], [2], [3], [4], [5] and [6]. ECPs can be grown 
selectively on a conductive surface allowing miniaturisation of the biosensor. The properties of 
the polymerised film can be easily controlled (porosity, thickness) by electrochemical 
procedures. Moreover, ECPs can be chemically modified to improve the affinity towards 
enzymes, eventually to form covalent bonds. 
Two conventional procedures exist for immobilisation of enzymes into ECP-modified 
electrodes. The first consists of the entrapment of the bulky enzyme within the polymer matrix 
during its electropolymerisation [7], [8] and [9]. The second consists of two steps: ECP is first 
grown on the electrode surface and then the enzyme is allowed to react chemically with the 
polymer surface by covalent bonds or by bioaffinity interactions [9] and [10]. The physical 
entrapment is the simplest way but the catalytic activity of the enzymes is drastically reduced 
down to a few percent of the value observed in the bulk [11]. The enzyme attachment on a pre-
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polymerised film is a more complicated technique, which limits the enzyme quantity to a few 
monolayers at the film⏐solution interface and the activity is also reduced. Nevertheless, the 
stability is increased [12] and [13]. 
In general, the direct electron transfer between the electrode and the active site of the enzyme 
is difficult, and a redox mediator (cosubstrate) is needed in the catalytic cycle. Glucose oxidase 
(GOD), the most common oxidase enzyme, needs molecular oxygen as a cosubstrate for its 
reoxidation after reaction with the glucose substrate, in the following manner: 

Glucose + GOD(ox) → Gluconolactone + GOD(red) 

GOD(red) + O2 → GOD(ox) + H2O2

Oxygen is consumed and hydrogen peroxide is produced. Because oxygen cannot be available 
in all media with the same concentration and because conducting polymers tend to deteriorate 
in the presence of H2O2, it would be advantageous to replace oxygen by another mediator 
(Med): 

GOD(red) + Med(ox) → GOD(ox) + Med(red) 

Med(red) → Med(ox) + e−

Recently, we have developed a composite film, [poly(3,4-ethylenedioxythiophene) 
(PEDT)+polyethyleneglycol (PEG)] (PEDT+PEG), by electrochemical oxidation of EDT in the 
presence of PEG in phosphate buffer. It was shown that the composite is excellent for the 
entrapment and delivery of very large biomolecules such as oligonucleotides (ODN), in view of 
in vivo applications [14]. Moreover, the polymer composite seems to be biocompatible. These 
excellent results motivated us to use the composite (PEDT+PEG) to construct an enzyme-
modified electrode. 
The enzyme GOD has already been immobilised in conducting polymers, in particular 
polypyrrole [15], [16], [17], [18] and [19], but also polythiophene [20]. GOD has also been 
adsorbed on porous membranes containing polypyrrole, results indicating a direct electron 
transfer between GOD and polypyrrole [21], [22] and [23]. However, controversial data exist 
about this direct transfer [18], [24] and [25]. More recently, glucose was detected in a 
deaerated medium on a platinum electrode coated with polypyrrole [26], but at high potential, 
and the direct transfer was not obvious. 
Keeping in mind that the more the polymer is conducting, the more the direct electron transfer 
can occur, and considering that PEDT has been described in the literature as one of the most 
conductive ECPs [27], we attempted then to immobilise GOD in a PEDT matrix, with the hope 
that a direct electron transfer could be achieved. 
In this work, we describe the elaboration and characterisation of a glucose sensor using GOD. 
The enzyme was first covalently bonded to a polyethyleneglycol bearing a carboxylic acid 
group. The modified enzyme (PEG–GOD) was then entrapped in the PEDT matrix during 
electropolymerisation of EDT in phosphate buffer containing PEG–GOD. PEG plays the role of 
surfactant for the EDT monomer (it was indeed observed that PEG enhances EDT solubility). 
The GOD immobilised under these conditions presents a better catalytic activity than that 
habitually observed in the literature [9], estimated by two methods: pH-stat for the enzyme 
activity [28] and ECQM measurements for the enzyme loading. Because amperometric tests 
without mediator during glucose monitoring are not satisfactory to demonstrate a direct 
electron transfer, we have used a ferrocene derivative (ferrocenemethanol, FcOH) as mediator 
to complete the study of the sensor. 

II. Experimental 
IIII..11..  CChheemmiiccaallss  
Glucose oxidase from Aspergillus niger (type VII-S, EC 1.1.3.4), D(+)glucose, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) 
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were purchased from Sigma. Reagent grade KH2PO4, K2HPO4 and KCl were purchased from 
Prolabo. Dicarboxylic acid polyethylene glycol (PEG MM 600) was supplied by Fluka. 3,4-
Ethylenedioxythiophene (EDT) was from Bayer. Ferrocenemethanol (FcOH) was from Aldrich. 
All reagents were used without purification; all solutions were prepared with bi-distilled water. 
Phosphate buffer (5×10−2 M, pH 6) contains 5×10−2 M KCl in all experiments. Glucose stock 
solution (0.25 M) was allowed to mutarotate for at least 24 h and stored at 4 °C prior to use. 

IIII..22..  MMeetthhooddss  
II.2.1. Modification of GOD 

Glucose oxidase bears amine groups on the proteinic envelope. The modification of GOD was 
achieved by forming peptide bonds between the amine groups of GOD and the carboxylic acid 
groups of PEG (scheme shown below). This kind of coupling has often been described in the 
literature [26], [29], [30] and [31]. 

 
 

A 5 ml phosphate buffer (pH 6.0) solution containing GOD (1000 IU ml−1), with an excess of 
PEG MM 600 (10−4 M), EDC (1.5×10−4 M) and NHS (3×10−4 M), was prepared and stirred for 2 
h. 
Experiments were performed by varying the PEG/GOD ratio between 1:1 and 50:1. The 1:1 ratio 
gave no visible difference with the non-modified enzyme, whereas the 50:1 ratio led to a very 
deactivated enzyme. This could be explained by a steric hindrance of the PEG chains cross-
linked on the enzyme, which impedes diffusion of glucose towards the FAD active centre [26] 
and [32]. A ratio between 3:1 and 4:1 gave the best result. 
After the reaction, the solution was dialysed against 0.05 M phosphate buffer for 48 h to 
eliminate reagents. Dialysis was performed using a 6000 MM cut-off dialysis membrane. The 
remaining solution, containing the PEG-modified enzyme (PEG–GOD), was stored in a freezer 
when not in use. 

II.2.2. Film elaboration 

All the electrochemical studies were carried out using a single-compartment cell with a glassy 
carbon working electrode, a platinum gauze counter electrode and an AgCl covered Ag wire as 
the reference electrode (Ag⏐AgCl). 
Glassy carbon electrodes (area 0.07 cm2) were polished prior to use on a polishing cloth 
(Struers) sequentially with diamond paste of decreasing particle size (3 and 1 μm), rinsed with 
ethanol, ultrasonicated for 2 min in ethanol, and then air dried. 
Two different experiments were used to construct the enzyme electrodes. The first case 
consists in electropolymerisation of EDT in phosphate buffer containing PEG and GOD. The 
second consists, as a first step, in the modification of GOD with PEG (described above, leading 
to the modified enzyme PEG–GOD) and as a second step, electropolymerisation of EDT in 
phosphate buffer containing PEG–GOD. 
PEDT electrodes containing PEG and GOD (denoted as GOD/PEDT+PEG in the following) 
were obtained by electrooxidation at a constant potential of 1.1 V versus Ag⏐AgCl of 10−2 M 
EDT in 5 ml phosphate buffer (pH 6)+10−4 M PEG+1000 IU ml−1 GOD. Electrodes containing 
modified PEG–GOD (denoted as PEG–GOD/PEDT) were obtained by electrooxidation of 10−2 
M EDT at the same potential, in 5 ml phosphate buffer+1000 IU ml−1 PEG–GOD. Other 
concentrations of GOD were used, up to 50 000 IU ml−1. It appeared that in the last case, what 
we call the specific activity of the enzyme decreased. The electrodes were then constructed 
using 1000 IU ml−1 GOD. 

II.2.3. Amperometric determination 
The performances of enzyme electrodes for the detection of glucose were investigated. The 
amperometric responses of the enzyme electrodes to glucose injections in a 10 ml phosphate 
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buffer (pH 6.0) solution containing 3×10−4 M FcOH were examined by measuring the anodic 
current at a potential of 0.3 V (vs. Ag⏐AgCl) at room temperature under argon. All the 
solutions used in the amperometric studies were deaerated by bubbling argon for 15 min prior 
to use. Other experiments were conducted under aerated conditions, in order to evaluate the 
oxygen sensitivity of our electrode. The background current was allowed to settle to a constant 
baseline, and successive additions of 0.04 ml stock glucose solution (0.25 M) were injected, 
with gentle stirring for 5 s after each addition. The current as a function of time was monitored 
continuously until a steady state value was reached. The spike occurring after each addition of 
glucose is due to the stirring of the solution, which can be assumed as a transient state where 
the concentrations of glucose and mediator at the electrode vicinity would be higher than at the 
equilibrium state. These spikes are usually observed when ferrocenemethanol is used as 
mediator. When dioxygen is used as mediator, spikes are lower. 

II.2.4. Electrochemical quartz microbalance (ECQM) measurements 
ECQM experiments were conducted on a platinum sputtered AT-cut quartz crystal (0.2 cm2, 
nominal frequency 9 MHz) with an EG&G 273A potentiostat and an EG&G-SEIKO QCA917 
frequency analyser. Frequency variations are related to mass change following the Sauerbrey 
equation. 

2
0

2 mf f
v Aρ

⎛ ⎞ Δ
Δ = −⎜ ⎟

⎝ ⎠
 

The sensitivity Δm/Δf=−1.1×10−9 g Hz−1 is an experimental value determined by the 
manufacturer. 

II.2.5. pH-stat 
The pH-stat method was used to determine the apparent enzyme concentration of the modified 
electrodes. As mentioned in Section I, the oxidation of glucose produces gluconolactone and 
then gluconic acid, therefore this enzymatic reaction results in a change in pH. The enzyme 
electrode and pH electrode are immersed in a solution containing the substrate, in this case 
glucose. Glucose reacts with the immobilised GOD and is converted into gluconic acid, with the 
production of H+. An alkaline solution (10−4 M KOH, from a 1 M KOH volumetric solution, 
Titrinorm, Prolabo) is added sequentially in the solution in order to maintain pH at a constant 
value of 7.4. Thus, the exact quantity of gluconic acid is monitored versus time, and then the 
enzyme activity is deduced. The enzyme activity EA (μmol min−1) is obtained as follows: 

310 tEA c= s  (1) 

where ct is the alkali concentration, i.e. 10−4 mol l−1 and s is the averaged slope of the curve 
Valkali=f(t)/ml min−1. 

III. Results and discussion 

IIIIII..11..  FFiillmm  cchhaarraacctteerriissaattiioonn  
III.1.1. FTIR spectroscopy 

Spectra were recorded on a computer-controlled Nicolet 860 FTIR spectrometer. Films, 
electrosynthesised on GC plates, were analysed by the reflection mode. Figure 1 shows spectra 
of PEDT (a) and (PEG–GOD/PEDT) (b) films. There are no significant differences between 
spectra a and b. The main bands [33] are situated at 916 and 830 (C―S stretch), 1046 
(―C―OROC― stretch), 1182 cm−1 (P=O stretch of phosphate anions). The bands at 1323, 1393 
and 1514 cm−1 can be attributed to C=C in-plane ring vibrations. The band at 1668 cm−1 is due 
to the dopant anions HPO4

2− and H2PO4
−. It can be concluded from the above IR data that the 

polymer matrix is effectively PEDT even when the modified enzyme has been incorporated. 
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III.1.2. Scanning electron microscopy (SEM) 
The films thickness was determined with SEM, by stripping a piece of polymer from the 
electrode to reveal a cross-section of the film. The incidence angle used with the microscope 
was 80°. Figure 2a and b shows a (PEDT+PEG) film and a (PEG–GOD/PEDT) film obtained 
on a GC electrode by the potentiostatic method for 10s. The thicknesses of these films are 
equivalent at ca. 40 nm (Figure 3), which means that the faradaic yield of 
electropolymerisation is approximately the same in both cases. 

III.1.3. pH-stat 
The enzymatic activity was evaluated using the pH-stat method for the two kinds of films: with 
unmodified (GOD/PEDT+PEG) and modified (PEG–GOD/PEDT) films. The surface 
concentration of the active enzyme Γactive can be estimated by the following relation: 

active
GOD

eu

GOD

EA x m
M x A

=Γ  (2) 

where EA is the enzyme activity of relation (1) /μmol min−1, meu is the mass of one enzyme unit, 
i.e. 2.15×10−5 g min μmol−1 at pH 7.4 and 22 °C, MGOD is the molar mass of the enzyme, i.e. 
186 000 g mol−1, and A is the electrode surface, i.e. 2.5 cm2. 
The results give: 

active
GODΓ =0.9±0.1×10−12 mol cm−2 for (GOD/PEDT+PEG) and  
active
GODΓ =1.1±0.1×10−12 mol cm−2 for (PEG–GOD/PEDT) electrodes. The enzyme activity is 

slightly higher for the modified enzyme. 
III.1.4. Electrochemical quartz microbalance (ECQM) 

To determine the quantity of enzyme in each film, EQCM experiments were performed. The 
masses of each kind of film were compared to evaluate the surface concentrations of 
unmodified GOD ( app

GODΓ ) and modified PEG–GOD ( app
PEG-GODΓ ) embedded during 

electropolymerisation. 
During these experiments, the quartz admittance was monitored. Without a film, the 
admittance equals 4.58×10−3 Ω−1 (in phosphate buffer+10−2 M EDT+GOD+PEG). This 
admittance never drops below 95% of the initial value during experiments. Thus, the rigidity 
constraint can be assumed. 
At a constant electropolymerisation charge, and assuming that GOD, PEG and PEG–GOD do 
not impede the polymerisation (see Section III.1.2), app

GODΓ  in the case of unmodified enzyme, 

can be found by the relation given below: 

app
GOD

PEDT PEG

GOD

m m
M x A

+−
=Γ  (3) 

where m is the mass of the film/μg, mPEDT+PEG is the mass of a (PEDT+PEG) film obtained with 
the same charge/μg, MGOD is the molar mass of GOD, i.e. 186 000 g mol−1, and A is the 
electrode surface, i.e. 0.2 cm2. 
In the case of the modified enzyme,  can be found by the same relation, assuming that the 

same quantity of PEG is incorporated in both cases. Curves m=f(t) are presented in Figure 4. 
The results give =7.1±0.2×10

app
GODΓ

app
GODΓ −12 mol cm−2 for (GOD/PEDT+PEG) and  

=7.1±0.2×10

app
PEG-GODΓ

−12 mol cm−2 for (PEG–GOD/PEDT) electrodes. It can be noted that equivalent 
amounts of enzyme are found in both cases. By comparing the values of concentrations of GOD 
present in the polymer matrix with that of the active GOD concentrations obtained from pH-
stat experiments, the yield y of active enzyme in the film (also called the specific activity of the 
enzyme) can be deduced: 
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active
GOD
app
GOD

100y x=
Γ
Γ

 (4) 

The results give y=12±2% for (GOD/PEDT+PEG) and y=15±2% for (PEG–GOD/PEDT) 
electrodes. These values are not very precise, so it is not possible to discuss the difference 
between (GOD/PEDT+PEG) and (PEG–GOD/PEDT) electrodes. Nevertheless, these activities 
are higher than those commonly obtained in the literature for this kind of enzyme entrapment 
[9]. 

III.1.5. Amperometry 
The performances of the enzyme electrodes were investigated by chronoamperometry, under 
the conditions described in Section II.2.3. Figure 5 shows a typical amperometric response as a 
function of glucose concentration. 
To evaluate the reproducibility, ten electrodes were prepared on different days using the same 
procedure. The variation is at most 8% across the entire concentration range, which shows a 
relatively good reproducibility. 
It should be noted that a (PEDT+PEG) electrode without GOD did not show any response with 
glucose addition. Thus, the signals observed are effectively due to the enzyme incorporated in 
the polymer matrix. 
The calibration curve for the amperometric response of glucose at the (PEG–GOD/PEDT) 
electrode is established in Figure 6a, which is linear up to 22 mM glucose. The sensitivities of 
the biosensors (determined by the slope of the calibration curve) attain a value of 2.7 
mA cm−2 M−1 for the (PEG–GOD/PEDT) electrode and 3 mA cm−2 M−1 for (GOD/PEDT+PEG) 
(result not shown). These values are close to those commonly obtained in the literature for 
GOD entrapped in conducting polymers [34], often comprised between 2 and 5 mA cm−2 M−1. 
To evaluate the oxygen sensitivity of the (PEG–GOD/PEDT) electrode, the amperometric 
response was determined under the same conditions as previously, but in an aerated medium. 
The data presented in Figure 6b, show that the sensitivity is very similar to that obtained under 
deaerated conditions, i.e. 2.6 mA cm−2 M−1 (only the first points are shown). Nevertheless, the 
background current is larger when oxygen is present. The increase of this background current 
could be due to the reoxidation of hydrogen peroxide which comes from the GOD/oxygen side-
reaction, even if this reoxidation is low on a GC electrode. When amperometry is performed at 
0.3 V versus Ag ⏐ AgCl on a GC-modified electrode in an aerated solution without FcOH, a very 
low response current is observed, corresponding to less than 5% of the current obtained with 
FcOH. 
Bartlett and coworkers [35] and [36] have established a relation between the current observed 
during chronoamperometric experiments and several kinetic parameters as well as the bulk 
glucose concentration: 

( )
active
GODcat s A

obs
cat s A s M

k K s kK aI nFA
k K s kK a K s K

α ∞ ∞

∞ ∞ ∞

⎛ ⎞
= ⎜ + +⎝ ⎠

Γ
⎟  (5) 

where Iobs is the measured current/A, n is the number of electrons exchanged per glucose 
molecule, i.e. two electrons, F is the Faraday constant, i.e. 96 487 C mol−1, A is the electrode 
surface, here 0.07 cm2,  is the surface coverage of the active enzyme/mol cmactive

GODΓ −2, k is the 

rate constant for the reaction between enzyme and mediator, a∞ is the bulk concentration of 
the mediator/mol dm−3, KS and KA are the partition coefficients for glucose and mediator into 
the film, respectively, KM and kcat are the kinetic parameters for the reaction between enzyme 
and substrate, respectively, in mol dm−3 and s−1, 1/α is the fraction of reduced mediator which 
reaches the electrode surface and s∞ is the bulk concentration of glucose/mol dm−3. 
The calibration data of (PEG–GOD/PEDT) electrodes were fitted to Equation (5) written in the 
form of a hyperbolic function: 
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An average value was found: 

active
GOD

32

1

1 6 10M

cat s

P K x
P nFA k Kα

−= =
Γ

±  (6) 

The kinetic parameters for the reaction between enzyme and substrate, KM=33×10−3 mol l−1, 
kcat=800 s−1 and αKs∼1, were taken from Reference [37]. Relation (6) gives =5±1×10active

GODΓ −13 

mol cm−2. This value is of the same order as that obtained above. Nevertheless, the difference 
could be explained by αKs<1, i.e. a little loss of reduced mediator into the bulk, and/or a low 
diffusion of glucose into the film. The α value could be estimated using a rotating ring-disc 
electrode for example. A method has been proposed to evaluate it in polymerised phenols [32]. 
The aim of this paper is not to determine these parameters, but we paid particular attention to 
the film thickness. 

III.1.6. Effect of film thickness 
α and Ks are the two parameters which are most likely to be influenced by the film thickness. 
Moreover, it has often been shown that the active enzyme in a polymer film is localised near 
the polymer⏐solution interface [38] and [39]. Therefore, the critical parameter, as said above, 
should be the diffusion of the reduced mediator (characterised by α) or that of glucose 
(characterised by Ks) through the film. The effect of thickness has already been studied with 
polypyrrole. It was shown that the best amperometric activities were obtained for 0–1 μm thick 
films [40]. 
In our case, we have studied sensors with film thicknesses varying between 20 and 1000 nm. 
The sensitivities are reported in Figure 7 versus thickness. The sensitivity has a maximum 
value for thicknesses in the range of 20–10 nm and decreases with thicker films. Once again, 
according to Reference [41], this could be due to a low diffusion of the mediator or the 
substrate through the film. Nevertheless, when we tried to measure the diffusion coefficient of 
the mediator through the film (with respect to the thickness), we observed a very surprising 
result: a fraction of the reduced mediator is reoxidised directly on the PEDT film (the apparent 
diffusion coefficient increases with film thickness). Therefore, this seems to indicate that the 
limiting parameter is not the diffusion of the mediator. 

III.1.7. Stability 

The enzyme electrodes were also investigated for their operational stability with two kinds of 
electrodes containing unmodified and modified enzyme. Each electrode was used in ten 
experiments over 2 weeks (each point is an average of results from three different electrodes). 
In the case of the unmodified enzyme, the sensitivity decreases rapidly and is more than 50% 
lower at the end (Figure 8a). With the modified-enzyme electrode, the loss is only ca. 20% 
(Figure 8b). 

IV. Conclusion 
An amperometric glucose sensor was constructed by incorporation of modified-glucose oxidase 
within a conducting polymer matrix, poly(3,4-ethylenedioxythiophene) (PEDT). The enzyme 
(GOD) was modified by polyethyleneglycol (PEG) chains to create a hydrophilic environment 
for GOD. This was achieved by amide bonds formed between amine groups of GOD and 
carboxylic acid groups of dicarboxylic acid polyethyleneglycol molecules. The modified-enzyme 
was entrapped during electrochemical oxidation of EDT in phosphate buffer. Data from pH-
stat experiments, ECQM measurements and amperometry indicate that the resulting glucose 
biosensors using ferrocene as mediator possess a good sensitivity (2.7 mA M−1 cm−2) up to 22 
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http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TGB-4428MPX-C&_user=4013381&_coverDate=10%2F05%2F2001&_alid=1576564627&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5250&_sort=r&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=20b1cbe1a38aab633114ebbab16d0556&searchtype=a#bib38
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TGB-4428MPX-C&_user=4013381&_coverDate=10%2F05%2F2001&_alid=1576564627&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5250&_sort=r&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=20b1cbe1a38aab633114ebbab16d0556&searchtype=a#bib39
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TGB-4428MPX-C&_user=4013381&_coverDate=10%2F05%2F2001&_alid=1576564627&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5250&_sort=r&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=20b1cbe1a38aab633114ebbab16d0556&searchtype=a#bib40
http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TGB-4428MPX-C&_user=4013381&_coverDate=10%2F05%2F2001&_alid=1576564627&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5250&_sort=r&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=20b1cbe1a38aab633114ebbab16d0556&searchtype=a#bib41


Journal of Electroanalytical Chemistry, 2001, 512(1-2), 101-109, doi:10.1016/S0022-
0728(01)00595-2 
 

8 

mM and excellent reproducibility for film formation. The stability is better for modified-
enzyme electrodes compared to that of electrodes with unmodified enzyme incorporated in a 
composite (PEDT+PEG). 

References  
[1] P.N. Bartlett and R.G. Whitaker J. Electroanal. Chem. 224 (1987), p. 37. 
[2] T. Matsue, N. Kasai, N. Narumi, N. Nishizawa, H. Yamada and I. Uchida J. Electroanal. 

Chem. 300 (1991), p. 111.  
[3] P.N. Bartlett and J.M. Cooper J. Electroanal. Chem. 363 (1993), p. 1. 
[4] P.N. Bartlett and P.R. Birkin Synth. Met. 61 (1993), p. 15. 
[5] W. Schuhmann Mikrochim. Acta 121 (1995), p. 1.  
[6] L.V. Lukachova, A.A. Karyakin, E.E. Karyakina and L. Gorton Sens. Actuators, B: Chem. 

44 (1997), p. 356.  
[7] N.C. Foulds and C.R. Lowe J. Chem. Soc. Faraday Trans. 82 (1986), p. 1259.  
[8] G. Fortier, E. Brassard and D. Bélanger Biotechnol. Tech. 2 (1988), p. 177.  
[9] S. Cosnier Biosens. Bioelectron. 14 (1999), p. 443.  
[10] S. Cosnier and A. Lepellec Electrochim. Acta 44 (1999), p. 1833. 
[11] S. Cosnier and C. Innocent Bioelectrochem. Bioenerg. 31 (1993), p. 147.  
[12] J.J. Gooding, M. Situmorang, P. Erokhin and D.B. Hibbert Anal. Commun. 36 (1999), p. 

225.  
[13] S. Cosnier, B. Galland, C. Gondran and A. Lepellec Electroanalysis 10 (1998), p. 808.  
[14] B. Piro, M.C. Pham and T. Le Doan J. Biomed. Mater. Res. 46 (1999), p. 566.  
[15] N.C Foulds and C.R. Lowe J. Chem. Soc. Faraday Trans. I 82 (1986), p. 1259.  
[16] N.C. Foulds and C.R. Lowe Anal. Chem. 60 (1988), p. 2473.  
[17] D. Belanger, J. Nadreau and G. Fortier J. Electroanal. Chem. 274 (1989), p. 143.  
[18] S. Yabuki, H. Shinohara and M. Aizawa J. Chem. Soc., Chem. Commun. (1989), p. 945.  
[19] L. Coche-Guerente, A. Deronzier, P. Mailley and J.C. Moutet Anal. Chim. Acta 289 

(1994), p. 143.  
[20] E.M. Genies and M. Marchesiello Synth. Met. 55–57 (1993), p. 3677.  
[21] P. Taxis du Pouet, S. Miyanoto, T. Murakani, J. Kimura and I. Karube Anal. Chim. Acta 

235 (1990), p. 255. 
[22] C.G.J. Koopal, B. de Ruiter and R.J.M. Notle J. Chem. Soc., Chem. Commun. (1991), p. 

1691. 
[23] C.G.J. Koopal, M.C. Feiters, R.J.M. Nolte, B. de Ruiter and R.B.M. Schasfoort Biosens. 

Bioelectron. 7 (1992), p. 461. 
[24] Y. Kajiya, H. Sugai, C. Iwakura and H. Yoneyama Anal. Chem. 63 (1991), p. 49.  
[25] A.L. Ghindilis, P. Atanasov and E. Wilkins Electroanalysis 9 (1997), p. 661.  
[26] P.J.H.J. van Os, A. Bult, C.G.J. Koopal and W.P. van Bannekon Anal. Chim. Acta 335 

(1996), p. 209.  
[27] Q. Pei, G. Zuccarello, M. Ahlskog and O. Inganas Polymer 35 (1994), p. 1347. 
[28] R. Eisenthal and M.J. Danson Enzyme Assays: a Practical Approach, Oxford University 

Press, Oxford (1992). 
[29] E. Gross and J. Meienhofer The Peptides: Analysis, Synthesis, Biology 2, Academic 

Press, New York (1980). 
[30] W. Schuhman, R. Lammert, B. Uhe and H.L. Schmidt Sens. Actuators, B 1 (1990), p. 

537. 
[31] M. Situmorang, J.J. Gooding, D.B. Hibbert and D. Barnett Biosens. Bioelectron. 13 

(1998), p. 953. 
[32] P.N. Bartlett, P. Tebbutt and C.H. Tyrrell Anal. Chem. 64 (1992), p. 138.  
[33] C. Kvarnström, H. Neugebauer, S. Blomquist, H.J. Ahonen, J. Kankare and A. Ivaska 

Electrochim. Acta 44 (1999), p. 2379. 
[34] M. Trojanowicz, O. Geschle, T. Krawczynski and K. Cammann Sens. Actuators, B 28 

(1995), p. 191.  

http://www.sciencedirect.com.gate6.inist.fr/science?_ob=ArticleURL&_udi=B6TWF-4HCMSC0-1&_user=4013381&_coverDate=01%2F31%2F2006&_alid=1495302543&_rdoc=1&_fmt=high&_orig=search&_origin=search&_zone=rslt_list_item&_cdi=5561&_sort=r&_st=13&_docanchor=&view=c&_ct=1&_acct=C000061186&_version=1&_urlVersion=0&_userid=4013381&md5=a19e486c4c8f528c2677396a86a6f5da&searchtype=a#bbib1#bbib1


Journal of Electroanalytical Chemistry, 2001, 512(1-2), 101-109, doi:10.1016/S0022-
0728(01)00595-2 
 

9 

[35] D.W.M. Arrigan and P.N. Bartlett Biosens. Bioelectron. 13 (1998), p. 293.  
[36] P.N. Bartlett and D.J. Caruana Analyst 117 (1992), p. 1287.  
[37] B.E.P. Swoboda and V. Massey J. Bio. Chem. 240 (1965), p. 2209. 
[38] P.N. Bartlett and R.G. Whitaker J. Electroanal. Chem. 224 (1987), p. 27.  
[39] M. Marchesilello and E.M. Genies Electrochim. Acta 37 (1992), p. 1987. 
[40] N.F. Almeida, E.J. Beckman and M.M. Ataai Biotechnol. Bioeng. 42 (1993), p. 1037.  
[41] M.C. Shin and H.S. Kim Biosens. Bioelectron. 11 (1996), p. 171. 



Journal of Electroanalytical Chemistry, 2001, 512(1-2), 101-109, doi:10.1016/S0022-
0728(01)00595-2 
 

10 

Figures 

 

FFiigguurree  11::  EExxtteerrnnaall  rreefflleeccttiioonn  FFTTIIRR  ssppeeccttrraa  ooff  ((aa))  PPEEDDTT  aalloonnee  aanndd  ((bb))  PPEEDDTT  ffiillmm  ccoonnttaaiinniinngg  iinnccoorrppoorraatteedd  mmooddiiffiieedd  
eennzzyymmee  ((PPEEGG––GODGOD//PPEEDDTT))..  
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FFiigguurree  22::  SSEEMM  ppiiccttuurreess  ooff  ffiillmmss  eelleeccttrrooddeeppoossiitteedd  oonn  aa  GGCC  eelleeccttrrooddee  aatt  ccoonnssttaanntt  ppootteennttiiaall  ++11..11  VV  ffoorr  1100  ss::  ((aa))  
((PPEEDDTT++PPEEGG))  aanndd  ((bb))  ((PPEEGG––GODGOD//PPEEDDTT))..  
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FFiigguurree  33::  SSEEMM  ppiiccttuurreess  ooff  tthhee  ssaammee  ffiillmmss  ((aa))  aanndd  ((bb))  iinn  FFiigguurree  22..  AAnn  8800°°  aannggllee  wwaass  uusseedd  ttoo  mmeeaassuurree  tthhee  ffiillmm  
tthhiicckknneessss  aafftteerr  aa  ssccrraattcchh  wwaass  mmaaddee  oonn  tthhee  ffiillmm  
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FFiigguurree  44::  DDaattaa  ffrroomm  EECCQQMM::  eelleeccttrrooddee  mmaassss  vveerrssuuss  cchhaarrggee  dduurriinngg  tthhee  ppootteennttiioossttaattiicc  eelleeccttrroossyynntthheessiiss  ooff  ((aa))  
((PPEEDDTT++PPEEGG))  ffiillmm  ((••)),,  ((bb))  ((GODGOD//PPEEDDTT++PPEEGG))  ffiillmm  ((▪▪))  aanndd  ((cc))  ((PPEEGG––GODGOD//PPEEDDTT))  ffiillmm  (( ))..  QQuuaarrttzz  ssuurrffaaccee::  00..22  ccmm22..  
FFiillmmss  wweerree  ggrroowwnn  uunnttiill  aa  cchhaarrggee  ooff  220000  μμCC  wwaass  rreeaacchheedd,,  iinn  00..0055  MM  phosphate  bufferphosphate buffer  ((ppHH  66))  ccoonnttaaiinniinngg  00..0055  MM  
KKCCll++1100−2−2  MM  EEDDTT++1100−4−4  MM  PPEEGG  ((aa)),,  1100−4−4  MM  PPEEGG++11000000  IIUU  mmll−1−1  GODGOD  ((bb))  oorr  1100−4−4  MM  PPEEGG++11000000  IIUU  mmll−1−1  PPEEGG––GODGOD  ((cc))..  

 

FFiigguurree  55::  AAmmppeerroommeettrriicc  rreessppoonnssee  ooff  tthhee  ((PPEEGG––GODGOD//PPEEDDTT))  eelleeccttrrooddee  vveerrssuuss  glucoseglucose  ccoonncceennttrraattiioonn  ((bbeettwweeeenn  00  
aanndd  1100  mmMM))..  EE==00..33  VV  vvss..  AAgg  ⏐⏐  AAggCCll..  TThhee  mmeeddiiuumm  iiss  ddeeaaeerraatteedd  00..0055  MM  phosphate  bufferphosphate buffer  ((ppHH  66))  ccoonnttaaiinniinngg  00..0055  MM  
KKCCll++33××1100−4−4  MM  ferrocenemethanolferrocenemethanol..  SSuucccceessssiivvee  aaddddiittiioonnss  ((ccoorrrreessppoonnddiinngg  ttoo  11  mmMM  glucoseglucose))  wweerree  iinnjjeecctteedd  aatt  rroooomm  
tteemmppeerraattuurree,,  uunnddeerr  ssttiirrrriinngg  ffoorr  55  ss..  FFiillmm  tthhiicckknneessss::  2200  nnmm..  
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FFiigguurree  66::  CCaalliibbrraattiioonn  ccuurrvveess  ffoorr  tthhee  aammppeerroommeettrriicc  rreessppoonnssee  vveerrssuuss  glucoseglucose  ccoonncceennttrraattiioonn  ffoorr::  ((aa))  aa  ((PPEEGG––
GODGOD//PPEEDDTT))  ffiillmm  uunnddeerr  tthhee  ssaammee  ccoonnddiittiioonnss  aass  FFiigguurree  55,,  bbeettwweeeenn  00  aanndd  2222  mmMM,,  aanndd  ((bb))  aa  ((PPEEGG––GODGOD//PPEEDDTT))  
eelleeccttrrooddee  uunnddeerr  aaeerraatteedd  ccoonnddiittiioonnss..  EEaacchh  ppooiinntt  iiss  aann  aavveerraaggee  ooff  rreessuullttss  ffrroomm  tthhrreeee  ddiiffffeerreenntt  eelleeccttrrooddeess..  
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FFiigguurree  77::  SSeennssiittiivviittyy  ooff  aa  ((PPEEGG––GODGOD//PPEEDDTT))  eelleeccttrrooddee  uunnddeerr  tthhee  ssaammee  ccoonnddiittiioonnss  aass  FFiigguurree  55,,  vveerrssuuss  ffiillmm  
tthhiicckknneessss..  

 

FFiigguurree  88::  SSeennssiittiivviittiieess  vveerrssuuss  ttiimmee  ((ssaammee  ccoonnddiittiioonnss  aass  FFiigguurree  55))  ffoorr::  ((aa))  aa  ((PPEEGG++GODGOD//PPEEDDTT))  eelleeccttrrooddee  aanndd  ((bb))  aa  
((PPEEGG––GODGOD//PPEEDDTT))  eelleeccttrrooddee..  EElleevveenn  aannaallyysseess  wweerree  ppeerrffoorrmmeedd  dduurriinngg  aa  ppeerriioodd  ooff  22  wweeeekkss..  EEaacchh  ppooiinntt  iiss  aann  
aavveerraaggee  ooff  rreessuullttss  ffrroomm  tthhrreeee  ddiiffffeerreenntt  eelleeccttrrooddeess..    
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